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INTRODUCTION 

The ability of plant pathogenic bacteria to deliver death- 
triggering proteins to the interior of plant cells was revealed„jn 
a rapid succession of papers in 1996 that transformed our 
concepts of bacterial plant pathogenicity. The breakthrough 
came with the convergence of work on Hrp systems and Avr 
proteins, an understanding of which requires an introduction 
to the most prevalent bacterial pathogens of plants, the cardi- 
nal importance of the Hrp pathway, and the paradoxical phe- 
notype associated with avr genes. 

Plant pathogenic bacteria in the genera Erwinia, Pseudomo- 
nas, XanthomonaSy and Ralstonia cause diverse, and sometimes 
devastating, diseases in many different plants, but they all share 
three characteristics: they colonize the intercellular spaces of 
plants, they are capable of killing plant cells, and they possess 
hrp genes. Many of these pathogens are host specific In host 
plants, they produce various symptoms after several days of 
multiplication, whereas in nonhost plants, they trigger the hy- 
persensitive response fHRV a rapid, defense-a ssociated, pro- 
grammed de^h ^ plant cells at the site of i nvasion (21. 43). 
With inoculum levels typically encountered in natural environ- 
ments, the HR produces individual dead plant cells that are 
scattered within successfully defended healthy tissue (71). 
However, experimental infiltration of high inoculum levels 
(>10 6 bacterial cells/ml) results in macroscopically observable 
death of the entire infiltrated tissue, usually within 24 h (42). 
Pioneer screens for random transposon mutants with impaired 
plant interactions yielded a prevalent class that was designated 
Hrp", that is, deficient in both HR elicitation in nonhost plant 
species and pathogenicity (and parasitic growth) in host species 
(49, 56). This complete loss of pathogenic behavior results 
from mutation of any one of several hrp genes, which largely 
encode components of a type III protein secretion system (73). 
Because the capacity to eli cit the HR is a convenient marker 
for the capacity to be p atJlOfeen ic and these two abilities have 
•fr^fllglngT^^ o r HR elicita^ 

ng studied as an entry totE 
pathogenesis. 



ntry to the larger problem of 



non is beings 
LthogeneSsT 

A key part of the HR puzzle is that HR elicitation and the 
resulting limitation in host range can occur if the pathogen 
possesses any one of many possible avr (avirulence) genes that 
interact with corresponding R (resistance) genes in the host 
plant Such "gene-for-gene" interactions result in recognition 
of the bacterium and the triggering of plant defenses. For 
example, Pseudomonas syringae pv. gjtycinea is one of over 40 P. 
syringae pathovars differing largely in host range among plant 
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species and is subdivided into races on the basis of their inter- 
actions with genetically distinct cultivars of its host, soybean. 
Those race-cultivar interactions involving matching bacterial 
avr and plant R genes result in the HR and avirulence, Le.; 
failure of the bacterium to produce disease. The R genes en- 
code components of a parasite surveillance system and are 
crossed into crops from wild relatives by plant breeders for 
disease controL avr genes are identified and cloned on the basis 
of the avirulence they confer on virulent races in appropriate 
test plants (39, 69). In most cases, it is not clear why plant 
pathogens carry avr genes that betray them to host defenses 
but new insights into this question are discussed below. 

Both hrp and avr genes were originally defined on the basis 
of the phenotypes they confer on bacteria interacting with 
plants. Molecular studies have revealed a functional relation- 
ship between the products of these two classes of genes and an 
underlying similarity with a key virulence system of several, 
animal pathogens. Yersinia y Salmonella, and Shigella spp. trans- 
fer virulence effector proteins directly into animal cells via the 
type in pathway (16, 17, 62, 67, 84). Similarly, plant pathogens 
use the Hrp type III pathway to transfer Avr effector proteins 
to the interior of plant cells. The genetic dissection of type III 
secretion systems is just beginning, and little is known of the 
mechanisms of protein translocation. In this review, we will 
describe (i) the recently completed inventory of genes directing 
type III secretion in plant pathogens and new insights into type 
m secretion mechanisms gained from research with Hrp sys- 
tems, (ii) two classes of proteins (harpins and pilins) that are 
secreted by the Hrp type in pathway when plant pathogens are 
grown in media that mimic plant intercellular fluids, (iii) evi- 
dence that Avr proteins are delivered by the Hrp pathway 
directly to the interior of plant cells, and (iv) a resulting new 
* paradigm for bacterial plant pathogenicity. The focus will be 
on quite recent work, and readers are referred to other reviews 
for a classic introduction to the HR phenomenon (43), earlier 
investigations of the Hrp system (11), avr genes (20, 46), and a 
wider perspective on bacterial virulence systems and plant re- 
sponses (2). 



Hrp PROTEIN SECRETION SYSTEM 

hrp and hrc genes, hrp genes have been extensively charac- 
terized in four representative gram-negative plant pathogens: 
P. syringae pv. syringae (brown spot of bean), Erwinia amyh- 
vora (fire blight of apple and pear), Ralstonia (Pseudomonas) 
solanacearum (bacterial wilt of tomato), and Xanthomonas 
campestris pv. -vesicatoria (bacterial spot of pepper and toma- 
to). Most of the known hrp genes in these strains are contained 
in chromosomal clusters of about 25 kb (Fig. 1). In at least 
some cases, the hrp clusters are sufficient to allow HR elicita- 
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tion (but not disease) by nonpathogenic bacteria such as Esch- 
erichia coli and Pseudomonas fluoresces (8, 37). 

Initial sequencing of the hrp clusters from R solanacearum, 
X campestris pv. vesicatoria, and P. syringae pv. syringae re- 
vealed homologies with components of the virulence protein 
(Yop) secretion system of Yersinia spp. (22, 29, 34), thereby 
suggesting the existence of a conserved "type IIF protein se- 
cretion pathway in gram-negative pathogens of both plants and 
animals (65, 73). The near completion of these sequences has 
revealed further homologies and has led to two major changes 
in the nomenclature of hrp genes (9). First, those hrp genes 
that are broadly conserved in pathogenic Pseudomonas, Er- 
winia, Ralstonia, Xanthomonas, Yersinia, Salmonella, and Shi- 
sella spp. were redesignated hrc (HR and conserved) and given 
the last-letter designations of their Yersinia ysc homologs. The 
designations for Hrc homologs in various bacteria outside of 
the plant pathogen group are presented in Table 1. When 
referred to broadly, the term "hrp genes" is intended to en- 
compass the hrc subset (9). Second, the hrp gene concept was 
widened to include homologous genes in plant pathogens 
where mutations do not lead to typical Hrp phenotypes. For 
example, mutations in hrp homologs result in loss of the Wts 
(watersoaking) phenotype in Erwinia stewartu (Stewart's wilt of 
corn) and reduced inf ectrvity at low inoculum levels in Erwuua 
chrysanthemi (bacterial soft rot) (6, 23). Thus, the hrp genes 
appear to be universal among plant pathogenic Erwinia, Pseu- 
domonas, Ralstonia, and Xanthomonas spp. and they control a 
variety of bacterium-plant interaction phenotypes in addition 
to the HR. 

Group I and II hrp dusters. The four hrp clusters that have 
been most characterized can be divided into two groups based 
on their possession of similar genes, operon structures, 
and regulatory systems (2). The hrp clusters of P. syringae and 



E. amylovora are in group I, and those of K solanacearum and 
X campestris are in group II. In addition to the nine hrc genes, 
two hrp genes are conserved between the group I and II hrp 
clusters and show some similarities toyyc genes (Fig. 1) (10, 36, 
41, 74). It is likely that more of the present hrp genes will b 
discerned as belonging to the hoc category with additional data 
on the structure, function, and conservation of their products 
in both plant and animal pathogens. Nevertheless, some of the 
hrp genes appear to be completely different between the two 
groups, the arrangements of genes within some operons are 
characteristic of each group, and the regulatory systems are 
distinct (Fig. 1). A key difference in regulation is that group I 
hrp operons are activated by HrpL, a member of the EOF 
. (extracytoplasmic function) subfamily of sigma factors (50, 78, 
85), whereas most group II hrp operons are activated by a 



TABLE 1. Hrc proteins of plant pathogenic bacteria and 
their animal pathogen and flagellar homologs 



Plant pathogen 


Yersinia 


SalmoncDa 


protein* 


protein 


protein 


HreC . 


YscC 


InvG 


Hid 


YscJ 


PrgK 


HrcK 


YscN 


SpaL 


HrcQ 


YscQ 


SpaO 


HrcR 


YscR 


SpaP 


HrcS 


YscS 


.* SpaQ 


HrcT 


* YscT 


SpaR 


HrcU 


YscU 


SpaS 


HrcV 


LcrD 


InvA 



Shigdia 



Flagellar 
proteixt(s) 



MxiD 

MxU 

Spa47 

Spa33 

Spa24 

Spa9 

Spa29 

Spa40 

IvfcdA 



FliF 

FHL 

FliN, -Y 

FliP 

FliQ 

FUR 

FlhB 

FlhA 



• References for the sequences of hrc genes and all homologs are compiled in 
references 9, 25, and 74. 
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member of the AraC family, which is designated HrpB in R 
ZlZtla^m and HrpX in X campestris (27, 57, 82). However, 
hrp genes in both gr ups are generally repressed in complex 
media and expressed in plants and in media that mimic plant 
intercellular fluids (11). m 

Functions of Hrp and Hrc proteins in type m protein se- 
cretion. With the hrp clusters of four representative plant 
pathogens now almost completely sequenced, analysis of the 
functions of individual components is beginning. Nonpolar 
mutations have been constructed in most of the hrp and hrc 
cenes in R solanacearum and in some of the genes in P. synn- 
gae pv. syringae and E. amylavora (10, 15, 54, 77) Hie results 
suggest that the secretion apparatus requires all of the hrc 
genes (hrcQ awaits testing). The Rsoknapanun mutant ^anal- 
vsis also reveals a requirement for hrpF, -W t -K, and -X (54). As 
discussed above, hrpF and hrpW have group I and possible ysc 
homologs. Thus, the Hrp type m secretion apparatus is likely 
composed of a core of 13 proteins, all but 2 of which appear to 
be broadly conserved. The predicted locations and functions of 
most of these proteins have been systematically presented for 
the R solanacearum Hrp system (74), and they appear to be 
the same inX campestris, E amylavora, and P. syringae. 

Sequence comparisons reveal that all of the Hrc proteins, 
other than HrcC, have a homolog involved in flageUum-specific 
export or early events in flageUum biogenesis (Table 1). The 
abilities of the presumably more ancient flagellar system to 
regulate the order (and possibly amount) of protein released 
and to secrete proteins in association with an extracellular 
appendage are properties that may be particularly important in 
the type HI transfer of virulence proteins into host cells (18, 
52) Plant pathogens offer several experimental advantages for 
exploring mechanisms of type m secretion and, indirectly, 
flagellum-specific secretion. The flageUum-specific and animal 
pathogen type III secretion systems have been difficult to study 
because many mutations pleiotropically disrupt production of 
the secretion apparatus and the secreted proteins. For exam- 
ple the Yersinia pestis LcrD and Bacillus subtUis FlhA proteins 
(homologs of HrcV) were initially thought to have primary 
functions in regulation (14, 59). However, the unambiguous 
secretion phenotype of an & amylavora hrcV mutant provided 
strong evidence that the primary function of members of mis 
protein superfamily is in secretion (77). Plant pathogens offer 
other experimental advantages for exploring type IH secretion 
mechanisms: defined subclones of ca. 25 kb are conveniently 
sufficient for Hrp-mediated secretion by £. coli and other 
model bacteria (31, 77), and hrc gene arrangements and mu- 
tant phenotypes suggest that translocation across the inner and 
outer membranes is partially separable in these bacteria (15). 

In both group I and II hrp clusters, the six hrc genes pre- 
dicted to encode a flageUunvderived system for Sec-mdepen- 
dent translocation across the inner membrane (hrcN, -R, -5, -7, 
•U and -V) are in operons other than that containing the one 
hrc gene predicted to direct translocation across the outer 
membrane (hrcQ (Fig. 1 and 21 HrcC is a member of the 
PulD/pIV cupprfflmily of outer membrane proteins, which are 
in7olved i n ty peTT^rotein secretion (P ulD) and filamentous 
phage secretion (pIV) (26). These proteins form homomultim- 
ers in the outer membrane which permit phage or protein exit 
and induce the psp (phage shock protein) operon (63). The. 
HrcC protein of X campestris pv. vesicatoria was the first, 
^emheTof the type 111 branch ot this supenamiiy snown to 
- ludmx Qii -T groperbn, tnerepy suggesting m at tne type in 
" pathway ako ~'em ploys""'an Outer" membrane, channel-forming 
fflultimer (bUj. A 1 syringae pv. syringae hrcC mutant accumu- 
lates some oT the normally secreted HrpZ harpin (discussed 
below) in the periplasm, whereas a hrcU mutant accumulates 
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FIG. 2. Mode! for the delivery of parasite-promoting Avr proteins (Le., Hop 
proteins according to a proposal discussed in the text) into plant cells by the Hip 
type HI secretion system (P. syringae example). To reach their targets, Avr pro- 
teins must cross the bacterial inner membrane (IM), outer membrane (OM), 
plant cell wall (CW), and plasma membrane (PM). Only Hrc components (in- 
dicated by their last letters in predicted subcellular locations) and proteins known to 
be secreted are shown. The location of bydrophllic HrcQ (HrcQ A and HrcQa mp - 
syringae) is unknown, but the homologous SpaO is secreted by Salmonella spp. 
(25, 48). Four additional Hrp proteins, not shown, appear to be required for 
secretion (see text). Dashed-tfne boxes indicate uncertainties about precise loca- 
tion. For example, it is not known whether HrpA or HrpZ penetrates the plant 
cell wall and whether these and/or other Hrp proteins trigger Avr transfer into 
plant cells by endocytosis. Secretion of HrpA and HrpZ is not dependent on 
plant cell contact, whereas secretion of Avr proteins apparently is. Once inside 
plant cells, multiple Avr proteins apparently promote parasitism coUectfreh/ by 
unknown mechanisms (short arms denote weak phenotypes of virulence domains 
interacting with undefined host -targets),nmless any one of the proteins interacts 
with a host R gene product, thereby triggering the HR defense. Mutation of a 
host target, to diminish benefit to the parasite, and detection by the R gene sur- 
veillance system are likely evolutionary responses of plants to the bacterial de- 
ployment of a new virulence protein; coevolution would be expr rtc ri to generate 
many avr and R genes in complex populations of plants and bacterial parasites. 

the protein exclusively in the cytoplasm (15). Thus, the se- 
- quence-based prediction that separate inner and outer mem- 
brane translocator systems have been recruited to form the 
Hrp pathway is supported by a novel secretion phenotype 
revealing partial separation of these functions (15). 

HARPINS, PDLINS, AND OT HER PROT EINS S ECRETED 
IN CULTURE BY THE Hrp SYSTEM 
Harpins. B roadly, defined, harpins are glycine-rich proteins _ 
that Jac kCTstemeT are secreted in culture when the Hrp system 
iTexpressed, and possess heat-stable HR elicitor activity when" 
they infiltrate the lea ves ot tobacco and several other plants. As 
TTcnaractenstic ot proteins secreted by the type 111 pathway, 
harpins lack an N-terminal signal peptide. The first harpin was 
discovered in u)e culture fluids of £1 coli cells carrying a highly 
expressed hrp cluster from E amylavora (79). Because muta- 
tions in the harpin-encoding hrpN gene in E. amylavora smug- 
ly diminish HR elicitation in tobacco and pathogenicity in 
susceptible, immature pear fruits, harpin was initially thought 
to be the primary virulence protein traveling the Hrp pathway 
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(79) Subsequent analysis of harpins from ot her bacteria has 
rPVMted that harpins ditter substantially in th eir primary struc- 
n SuTSaiKeir contribution to Hrp ^phenot ypes, and their actual 



'Tuncnon is unK nown \-*, « > »'»—/■ 

> The harpin genes"* f E amylavora (hrpN) (W) t Ecnrysan 
Sthemi (hrpN^ (7> and R. solanaceamm (popA) (4) are lo- 
\ cattd ad^cem to or near their respective hrp clusters, whereas 
N the P syringae hrpZ gene resides within a hrp operon (31). t~ 
chrysanthemi hrpN mutants are reduced in Mecovity at low 
inoculum levels and are unable to elicit the HR (7), but harpin 
gene mutations in E amylavora CFBP1430 (a high* wulent 
strain) (5), R solanaceamm (4), and P. syringae (1) produce 
weak phenotypes or no phenotype. Thus, indpqdual harpins do 
not appear to be necessary for elicitatio n of the HR by most 
.bacteria: The potential role ot harpins in determining nost 
s pedhat y is uncertain. PopA may be a host specificity factor 
because the isolated protein elicits the HR selectively in those 
plants in which R solanaceamm also elicits the HR, whereas 
the isolated harpins from E amylavora and three P. synngae 
pathovars trigger the HR in various plants in a manner that 
shows no relationsl«£Totj^^ 

"Harpin activity may involve interactions witE plant cell walls. 
The HrpZ harpin binds to the walls of intact plant cells but not 
to protoplasts, and it also fails to trigger HR-assoaated re- 
sponses in protoplasts (33). The elicitor activity of harpins is 

.unlikely to be enzymatically based because various fragments 

retain activity (1, 4, 45). , m ... 

Hie function of the P. synngae HrpZ harpin is pamcularjy 
puzzling. Several observations suggest a simple, direct role for 
HrpZ in HR elicitation. HrpZ is the predominant protein 
secreted by the P. syringae Hrp system in culture (31, 88); thf 
hrpZ gene is conserved in divergent P. syringae pathovars (60), 
and the isolated protein elicits an apparent programmed ceU 
death in plants that is indistinguishable from the HR elicited by 
living bacteria (31). Furthermore, hrpZ deletion mutations in 
the cosmid pHIRH functional cluster of P. syringae pv. synn- 
gae hrp genes strongly reduce the HR elicitation activity of E 
coli cells carrying only pHIRll. The same mutation only 
slightly reduces the HR in P. syringae pv. syringae, but this can 
be explained by postulating the existence of a second harpin 
encoded elsewhere in the bacterial genome (1). 

However, other observations show that the relationship of 
HrpZ to HR elicitation is more complex. Mutation of hrmA 
(3Z 35) which is in a variable region flanking the conserved 
hrp cluster in pHIRll, abolishes HR activity in tobacco with- 
out diminishing HrpZ synthesis or secretion (l)/Thus T isolated 
HrpZ is suffic ient to elicit an HR in tobaccoTeave s but HrpZ 
"pywrfTTrg7t"T>yTiftf*teria in plants i s not, instead, HrmA, with no 
apparent junction i n the^rpTemu^ pparatus, is necessary^ 
i ff hac rer lar ehcit anon or the HKJmd_tn_us T tirmA appears to 
^ fhP »rhi*\ PhS tor ofthe HK produced byba c tena carrying, 
pHIRll HrmA has sev eral characteristics ot an Avr protein 
(31. Avr pr oteins and the role of the Hrp system (and possibly 
harpins) in their delivery into plant cells will be discussed 

be HrpA pilin and other secreted proteins. P. syringae pv. to- 
mato DC3000 secretes at least four proteins in addition to 
HrpZ into the medium in a Hrp-dependent manner (88). One 
of these is the 10-kDa product of hrpA, which forms a 6- to 
8-nm-diameter -Hrp pilus" (61). A nonpolar hrpA mutant no 
longer eUcits the HR in appropriate test plants, even when 
carrying an avr gene known to interact with an R gene m the 
plant It thus appears that the Hrp pilus is essential for the 
delivery of Avr signals (discussed further below). Although it is 
not known whether the Hrp pilus functions primarily in bac- 
terial attachment or as a conduit for the delivery of bacterial 
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proteins across the plant cell wall, it is interesting thdXAgrobac- 
terium tumefaciens requires a pilus similar in size (3.8-nm di- 
ameter) to transfer T-DNA and the VirE2 pr tein into plant 
cells (24). 

Hrp DELIVERY OF AVR PROTEINS INTO 
PLANT CELLS 

avr genes and their products. In fundamental contrast to the 
hrp genes, avr genes are scattered in their distribution among 
strains of plant pathogenic bacteria (20, 46). More than 30 
bacterial avr genes have been cloned from P. syringae and X 
campestris, but until recently, characterization of the menag- 
erie of encoded proteins has largely denned what these pro- 
teins do not do. Isolated Avr proteins do not el icit anv re- 
sponses when theylnfiltrate plant leaves. T hey do not appear. 
T o K ese CTeted in culture and are hydroptulic proteins lac king 
N-terminal signal peptides or_Qlh er recogmza nie secrcbun sig- 
" nals (p roperties consistentwhh potential secretion by the type 
Sfpathway). They do not have demonstrable enzymatic activ- 
ity (with the exception of AvrD, which directs the synthesis of>- 
syringolide elicitors of an J? gene-dependent HR [55]), and the 
majority of them do not contribute in an obvious way to par- 
asitic fitness or virulence in the infection of cultivars lacking a 
matching R gene that would trigger the HR, However, there 
are several significant exceptions to the last point (20, 46) and 
there is growing evidence that Avr proteins have a primary 
function in virulence, even though the HR-triggering effects f 
Avr-R interactions are epistatic over these virulence functions. 
How Avr proteins might promote parasitism is mysterious, but 
support for such a primary role comes from observations that 
their action is dependent on the Hrp system and their site f 
action is within host cells. The next two sections address these 
points and provide evidence that the main function of the Hrp 
system is in the delivery of Avr-Uke proteins into plant cells. 
* Hrp dependency of Avr phenotype*. avr genes have no phe- 
notype when expressed in hrp mutant pathogens or in non- 
pathogenic bacteria like E coli, which lack the Hrp system 
(highly expressed avrD is the sole exception to the latter point 
[40]). For many avr genes, especially those in P. syringae, one 
simple explanation is that their expression is dependent on Hrp 
regulatory factors (46). However, expression of avr genes from 
vector promoters does not obviate the requirement for a frinc- 
tional Hrp system. The recent finding that the functional dus- 
ter of P. syringae pv. syringae hrp genes carried on cosmid 
pHIRll is sufficient to deliver heterologous avr gene signals 
. indicates the funidamental interdependency of Hrp and Avr 
functions in bacterial elicitation of the HR (28, 58). A key 
property of pHIRll enabling this discovery is that the cosmid 
confers on nonpathogenic E coU and R fluoresces the ability 
to elicit the HR in tobacco and several other plants, but it is 
' ineffective in doing so in soybean and Arabidopsis. The simplest 
explanation is that hrmA, which is carried on pHIRll and has 
several properties of avr genes (3), interacts with an unknown 
R gene in tobacco but with no R genes in soybean andAmbi- 
dopsis. This suggested that expression of appropriate avr genes 
in trans would enable nonpathogens carrying pHTRll to elicit 
an R gene-dependent HR in soybean, Arabidopsis, and other 
plants. Indeed, this was observed with avrB (from P. syringae 
pv. glycinea) and five other P. syringae avr genes (28, 58). 

The ability of pHIRll to deliver avr gene signals requires 
HrcC (absolutely) and HrpZ (variably) (28, 58). The inability 
of HrpZ to support AvrB signal delivery when supplied exog- 
enously indicates that the harpin has a role only when pro- 
duced along with AvrB and therefore may be an extracellular 
accessory in the delivery of Avr proteins, as YopD is in the 
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delivery f YopE (28, 62). Most importantly, these experi- 
ments reveal that a functional Hrp secretion system is required 
for the delivery of several avr gene signals. Furthermore, the 
use of promoters different in strength and of epitope-tagged 
AvrB revealed that the requirement for a functional Hrp se- 
cretion system cannot be obviated by high levels of AvrB in the 
bacterial cytoplasm or by infiltration of leaves with purified 
AvrB at a level 1,000-fold higher than that required by living 
Hrp* bacteria to elicit the HR (28). Thus, AvrB does not 
appear to act in the bacterial cytoplasm or in leaf intercellular 
spaces. These observations strongly support the hypothesis, 
depicted in Fig. 2, that the type HI protein secretion system in 
plant pathogens, as in animal pathogens, is capable of deliver- 
ing bacterial proteins into host cells. 

Demonstrations of Avr action in host cells. Bacterial trans- 
fer of Avr proteins into plant cells has not been observed 
directly. However, there is evidence that several of these pro- 
teins are biologically active when produced within plant cells, 
that the HR-triggering activity of one of them is dependent on 
physical interaction with its cognate plant R gene product, and 
that the activity of another is dependent on localization to the 
plant cell nucleus. AvrB action in plant cells was demonstrated 
with Arabidopsis plants carrying the cognate RPM1 R gene 
(28). An Arabidopsis rpml mutant was transformed with avrB 
and crossed with a wild-type line, thus producing seedling 
progeny carrying both avrB and RPM1 which died soon after 
germinating. One symptomless rpml mutant transgenic plant 
was obtained; this individual expressed relatively low levels of 
an avrB construct carrying the PR-la plant protein signal pep- 
tide, with the likely consequence that the plant cytoplasm 
would be exposed only transiently or to low levels of AvrB. The 
properties of this survivor suggest that plants are sensitive to 
AvrB even in the absence of a functional matching R gene and 
that vanishingry low levels of the protein are sufficient to elicit 
the HR in the presence of a complete R gene. A biolistic, tran- 
sient expression assay revealed that avrB lacking a signal pep- 
tide (and therefore localized to the plant cytoplasm) was lethal 
to Arabidopsis leaf cells carrying RPMI but not to those lacking 
the R gene (28). This approach was extended with avrRptl 
(from P. syringae pv. tomato) (47). Similarly, an A twnefadens 
transient expression system was used to deliver avrPto (from 
P. syringae pv. tomato) and avrBs3 (from X campestris pv. 
vesicatoria) into plants, resulting in an R gene-dependent HR 
in all cases (66, 70, 72). Thus, wherea sn o bacterial Avr protem 
h as been ob serve d to have an effect^nelTaeTiverea exclusively 
' t o the surf ace ol plant cells, Ull lour of InOSe tested elicit an 
7f gene-de perlflent response wlleu expressed inside tnem. 
' — T Tle g lmp Tesrmodel tor the molecular basis or gene-ior-gene 
HR elicitation predicts physical interaction between the pro- 
tein products of cognate avr and R genes. This has been ob- 
served with the bacterial AvrPto and plant Pto proteins; mu- 
tations in the molecular partners that diminish physical 
interaction in the yeast two-hybrid system also diminish bio- 
logical function (66, 70). Because AvrPto action requires a 
functional Hrp system in either P. syringae pv. tomato (64) or 
nonpathogens carrying the pHIRll hrp cluster (28, 58) and it 
involves physical interaction with a cytoplasmic target in the 
host, the Hrp-mediated transfer of AvrPto into plant cells 
seems certain. 

While many bacterial Avr proteins appear to be targeted to 
the host plant cytoplasm, members of the AvrBs3 family in 
Xanthomonas spp. are targeted to the host nucleus. These 
proteins carry functional nuclear localization signals (NLS) in 
the C-terminal region (72, 86). When fusions of this C-terminal 
region and a uidA reporter are transiently expressed in onion 
epidermal cells by biolistic bombardment, p-glucuronidase ac- 



tivity is localized to the nucleus (72, 86). Deletion of all three 
of the NLS sequences abolishes nuclear localizati n in the 
biolistics assay and HR elicitation by X* campestris pv. vesica- 
toria cells in pepper plants carrying the Bs3 R gene, and both 
f these abilities can be restored by substitution of the simian 
virus 40 large-T antigen NLS (72). These results suggest that 
the Bs3 product' must also be localized to the nucleus, but 
because this R gene has not been cloned, this awaits confirma- 
tion. 

Gaps in our knowledge of the Hrp pathway and the inven- 
tory of its protein traffic Although the rings of evidence that 
the Hrp system transfers Avr proteins into plant cells are 
collectively strong, there are formal gaps in each, (i) In the 
system explored in the most detail, AvrPto-Pto, physical inter- 
action between the bacterial and plant proteins has not been 
demonstrated in vivo, and a second host protein, Prf, is re- 
quired for AvrPto-Pto-mediated HR elicitation. Furthermore, 
all of the other cloned plant R genes that interact with known 
bacterial avr genes resemble Prf (a nucleotide-binding site 
leucine-rich repeat protein) rather than Pto (a kinase) (68). (ii) 
R proteins appear to be present at vanishingry low levels, and 
none has been directly observed in the cytoplasm, although 
RPS2 localizes to the cytoplasm-equivalent fraction in a rabbit 
reticulocyte dog pancreatic microsome in vitro translation- 
translocation system (47). (iii) Similarly, Avr proteins appear 
to be effective at vanishingry low levels (28) and immunogold 
labeling and electron microscopy of infected plant tissues has 
revealed their presence only in bacterial cells (13, 87). (iv) 
Finally, no Avr protein has been directly shown to be translo- 
cated out of the bacterial cytoplasm in culture by the Hrp 
system. It is worth noting that the A twnefadens VirE2 protein 
has never been observed to be transferred into plant cells, 
although the indirect evidence for its action within plant cells 
seems irrefutable (89). 

Many (if not most) of the genes encoding proteins that are 
transferred into plant cells by these bacterial pathogens prob- 
ably await discovery. Systematic completion of the inventory is 
thwarted by two problems. First, the contribution of the genes 
to virulent' interactions .may be too subtle for detection in 
mutant screens, and cognate R genes, that would reveal Avr 
phenotypes when the bacterial genes are heterologousfy ex- 
pressed may be unknown or nonexistent Second, no plant 
signals or regulatory mutants have been found that permit 
bacteria to secrete these proteins in culture, although harpins, 
pilins, and possibly other proteins that serve the type HI se- 
cretion system are secreted in culture. A critical feature of the 
. type HI protein secretion system in Yersinia spp. is its capacity 
to withhold full secretion of virulence proteins until contact 
with the host cell (18). The fact that nonpathogens carrying the 
pHIRll functional hrp cluster secrete HrpZ but not AvrB in 
culture (28) indicates that the genetic information for this 
expected regulatory step is carried within the hrp cluster and is 
therefore subject to discovery through systematic analysis of 
the hrp genes. Obtaining Avr protein secretion in culture is 
important because (i) it is likely to be associated with struc- 
tures that normally are used to penetrate the plant cell wall 
(and possibly trigger host cell endocytosis) and therefore will 
yield clues to the transfer process and (ii) it will allow proteins 
targeted to the host to be systematically characterized through 
identification of novel proteins in the medium. The exploration 
of DNA sequences flanking hrp clusters also should be useful 
in this search because of the growing evidence that these re- 
gions are enriched in genes whose products probably travel the 
Hrp pathway (51, 53, 54). 

A new designation for effector proteins that are delivered by 
the Hrp system to plant cells would be useful: Avr appears 
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to be inappropriate because some of the encoding genes 
may have no Avr phenotvpe and the primary runcti n of Avr 
proteins is almost certainly in virulence, not avirulence. One 
proposal is to designate new members of this class Hop (Hrp- 
dependent outer protein) and to add a four-letter suffix iden- 
tifying the bacterial species, pathovar, and gene, based on the 
current system for uniform nomenclature of avirulence genes 
(3, 75). For example, the gene encoding a newly found P. 
syringae pv. syringae protein in this class would be designated 
hopPsyA. Hop is analogous to the Yop (Yersinia outer protein) 
designation for proteins secreted by the prototypical Yersinia 
type HI secretion system but is broadened here for consistency 
with the use of Hrp and Avr for plant pathogens in all genera. 

A NEW PARADIGM AND FUTURE EXPLORATIONS 

Pathogenesis based on the Hrp delivery of Avr-like (Hop) 
proteins into host cells (depicted in Fig. 2) provides a simple 
and unifying explanation for many characteristics of plant 
pathogenic Erwinia, Pseudomonas, Xanthomonas, zndXalsto- 
nia spp. (2). These include the one-to-one relationship be- 
tween bacterial cells and HR-responding plant cells (expected 
with contact-dependent secretion), the gene-for-gene interac- 
tions of pathogen races and host culuvars (expected if avr and 
R gene products can directly interact within host cells), and the 
enormous diversity in host range and other pathogenic at- 
tributes among closely related strains (expected with a pool of 
horizontally transferable and interchangeable genes whose 
products can either promote or betray parasites in coevolvmg 
hosts). The latter point is particularly relevant to R synrtgae 
and X campestris, which are divided into more than 40 and 140 
pathovars, respectively. And it is consistent with the location of 
many avr genes on plasmids and the ability of avr genes to 
function with heterologous Hrp systems (20). In this regard, 
one potential difference between the type IH systems of animal 
and plant pathogens is noteworthy. In animal pathogen type III 
systems, the secretion of many effector proteins requires cus- 
tomized chaperones, which are often encoded by genes linked 
to effector genes (76). The ability of many isolated avr genes to 
function heterologous^ in other pathogens or in nonpathogens 
carrying the pHIRll functional hrp cluster suggests that Avr 
protein delivery does not require specific chaperones or that a 
promiscuous chaperone gene exists within the hrp cluster. 

This new model of plant pathogenicity invites several fun- 
damental questions in plant pathology and pathogenic micro- 
biology in addition to those discussed above regarding the Hrp 
system and the identification of its traffic How do Hrp-dehv- 
ered proteins alter host metabolism to promote bacterial 
growth in plant intercellular spaces? How is host specificity 
determined at the pathovar-host species level? That is, are 
avr-R gene interactions important here also, as suggested by 
the discovery of novel avr genes through expression in heter- 
ologous pathovars (44, 83), or do Avr-like proteins have im- 
portant positive effects in bacterial adaptation to host species? 
Given the use of homologous secretion systems, how similar 
are the functions of the virulence proteins that plant and ani- 
mal pathogens transfer into their hosts? Sequence similanties 
involving secreted Yersinia proteins have been noted only be- 
tween YopN and YopJ and the E. amylovora HrpJ and X 
campestris pv. vesicatoria AvrRxv proteins, respectively (10, 
46). Since YopN appears to be an extracellular component of 
the* secretion system and the effector activity of YopJ is un- 
known, this key question remains unanswered. Further com- 
parisons should give us a broader perspective on the evolution 
of bacterial pathogenicity and may lead to unanticipated con- 
trols for diseases of both plants and animals. 
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